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The potential energy and dipole moment functions of the m olecule-ion  complex N H 3- H _ , and its 
isotopomers, N H 3- D _ and N D 3- H ~ ,  have been calculated by the CEPA-2 method. From these 
functions we have computed the v ibration-ro ta tion-inversion  states for 7 =  0 and 7 = 1 ,  and the 
rovibrational transition probabilities between them. The complexes are found to have a nearly rigid 
structure in the ground state, with the H -  or D -  ion localized near a hydrogen (or deuterium) atom 
of the ammonia, and a small probability of tunneling between the three equivalent equilibrium 
positions. For the vibrationally excited states, however, the probability of this threefold tunneling 
increases considerably. The umbrella inversion of the ammonia is nearly quenched by the presence 
of the ion. The character of the rovibrational excitations is determined, and is found to be affected 
by the isotope substitutions. In order to investigate whether it is possible to evaluate the 
rovibrational transition probabilities for other total 7 transitions from the present calculations, an 
approximate expression for the vibrational transition probabilities has been derived. The formula 
appears to be valid for the ortho species, for the para  species it is found to be rather crude. © 1995 
American Institute o f  Physics.
I. INTRODUCTION
Kleingeld et al. 1 have shown by means of ion cyclotron
resonance that in the course of the reaction of N H J  with
H 2CO, the negative ion NH 4 is produced. Since no ex­
change of deuterium takes place when N D 3- H ~  retransfers a
hydride ion to H 2CO, the authors concluded that NH 4 has 
the structure of a weakly bound adduct of the type 
N H 3 • • • H -  with a mainly electrostatic d ipo le-ion  bond. Coe 
et cilr came to the same conclusion on the basis of their 
photoelectron detachment study, since they found the N - H  
stretch vibration of the ammonia component nearly un­
changed within the complex. They reported an upper limit of
0.36 eV (2904 c m - 1 ) for the dissociation energy.
A series of theoretical calculations has been performed 
for the NH 4 system since its discovery in 1983.3-8 Kalcher,
Rosmus, and Q uack3 calculated parts of the potential energy 
hypersurface for the first time and determined the geometry 
of the minimum. They predicted a value of 0.355 eV (2863 
c m ” 1) for the dissociation energy. Cremer and Kraka4 calcu­
lated the energy profile of reactions of the type 
AH„ +  H~ —*-AH,7_ 1 +  H 2 and found a dissociation energy of 
about 3200 cm " 1 for the intermediate N H 4 . These authors, 
and Cardy, Larrieu, and Dargelos ,5 found a second local 
minimum with a tetrahedral structure, where a Rydberg or­
bital is doubly occupied. However, the energy of this species
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is 2203 c m -  1 above the dissociation limit behind a potential 
barrier of 6506 cm - 1.
Microwave and infrared spectroscopy have been the 
most powerful approaches to study internal rotations and 
other large-amplitude internal motions and tunneling phe­
nomena. M icrowave spectroscopy has been performed for 
more than 20 molecular ions .9 Negative ions, however, have 
not yet been detected by this technique. Since dipole-ion 
complexes such as N H 3- H -  have a large dipole momen! 
that strongly varies with the distance of the fragments, they 
should show very intense lines in the infrared or microwave 
regions of their spectrum. To our knowledge, neither vibra­
tional nor rotational spectra of this ion have been measured 
up to now. I
It is the aim of this work to first generate a reliable! 
potential energy function and dipole moment function of thl 
complex, and then to use these functions to calculate thl 
vibration-rotation-inversion states for 7 = 0  and 1, and thl 
allowed transition probabilities between them. In this waj 
we want to make predictions on the structure and the rotal 
tional and vibrational spectra of N H 4 , which are determine!
1 I
by the motion o f the hydride ion in the field of the ammonij 
molecule. Since it is possible, in principle, to perfomj 
deuterium-labeling experiments, we have also calculated thl 
spectra of the m olecu le-ion  complexes N H 3- D ~  anl
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ND3- H  , which can be computed from the same energy and 
dipole surfaces.
v (R  ) =  N  J  [ ( a lm + b lmR + c lmR l )e ~ d l m R + .flme
- 2  dlmR
||. THE ELECTRONIC ENERGY HYPERSURFACE 
A. M ethod  of c a lc u la t io n
The electronic energies of the N H 3- H -  system have 
been calculated by the S D -C I  method with CEPA-2 
modification.10 The basis superposition error has been cor­
rected. All calculations have been done with the MOLPRO 
program.11 As a basis for the N atom the contracted 5 £-spd- 
correlation consistent basis set of Dunning (\4s%p4d)/ 
\6s5p4d]  has been used, enlarged by a s and a p  type po­
larization function ( £ v: 0.050, £p : 0.035). For the H atoms a 
contracted 4£-ly/?-basis (6 s 3 p ) / [ 4 s 3 p ]  (s : van Duijneveldt, 
p: Werner/MOLPRO), together with two s polarization func- 
(ions (£: 0.030 and 0.010) has been employed. Furthermore, 
for the hydride ion a p  type polarization function with 
t=0 .010  was added. The complete basis set consisted of 108 
contracted basis functions.
The geometry of the N H 3 component has been kept fixed 
with a N - H  distance of 1.916 bohr and a H - N - H  angle of 
107.26°. The potential energy has been calculated as a func­
tion of the position of the H _ ion for 225 geometries in the
4 bohr ^  7?^ 20 bohr, 0 ° ^  0 ^ 1 8 0 ° ,  and 
0 = ^ 6 0 ° .  Here ƒ?, 0 ,  and O are the usual spherical 
polar coordinates of the position vector R  of the H _ ion with 
respect to a frame that has its origin in the center of mass of 
the ammonia subsystem, and that coincides with its principal 
axes frame. The N H 3 symmetry axis corresponds to
0 = 0°, and one H atom of ammonia is positioned at 
<l> = 0° and 0 > 9 O ° .  In this way the whole region where the 
system is bound has been covered, whereas the region of the 
local minimum mentioned above ( 0 < 8 O °  and R < 5.0 bohr) 
has not been included. This is due to the fact that for this part 
of the hypersurface the method of calculation chosen here 
does not yield reliable values, because a multiconfigurational 
wave function would have to be used.
region
0
B. Fits a n d  c h a r a c t e r i s t i c s  of t h e  s u r f a c e
The ab initio potential calculated by the procedure de- 
icribed above was expanded in normalized tesseral harmon- 
cs (real spherical harmonics) S [m, with m non-negative be­
cause the potential is an even function of O ,
/
int(/?,©,<ï>) =  2  Vim( R ) S lm(&,<i>) ( m ^ 0 )
l,m
X  Vim( R ) N tmPim{cos © )co s  m i)
l,m
0)
here
N lm
21 + 1 ( / — m ) ! 1/2
(2)
id P lm(cos 0 )  is an associated Legendre polynomial. The 
Mansion coefficients have been fitted by expressions of the
•rm
+  Sim /R2 +  h lm I R 3 +  k lm 1 (3)
where a im are the fitting parameters.12 Because of the
threefold symmetry of the complex, only terms with 
m =  0,3,6,..., are present in the expansion.
The expansion coefficients given in Eq. (3) can be used 
without modification for calculating the spectrum of N H 3-  
D _ . In the case of N D 3- H " ,  however, the monomer center 
of mass changes, and we have to determine the expansion 
coefficients anew, by making an expansion of the potential 
about the new center of mass. The new coefficients are then 
given by
v'im(R')=  I d<$>' ( s i n  0 ' J 0 '
0 Jo
X 5 /m( 0 ' , < D ' ) ^ t( / ? ' , 0 ' ,  cD'), (4)
where R \  0 ' ,  and O '  are the coordinates with respect to 
the N D 3 center of mass, and V'nt( / ? ' , © ' , 0 ' )  is given by 
Vinl( /? ,© ,0 ), after transforming /? ' ,  0 ' and O '  to the co­
ordinates R , 0 ,  and O  with respect to the frame with its 
origin at the N H 3 center of mass. The integral has been cal­
culated numerically using a 17 point G auss-L egendre  
quadrature in 0 '  and a 17 point G auss-C hebyshev  quadra­
ture in O ' ,  both on the interval ( 0 ,7r) , taking into account a 
reflection plane of N H 3, which makes it possible to evaluate 
the integral over O '  as twice the integral on 0 = ^ 0
Figure 1 shows some cuts of the hypersurface of the 
energy for N H 3- H ~  (note that we use $  and <p instead of 
© and O , see Sec. III). The equilibrium position of the H~ 
ion occurs at R = 5.57 bohr, 0 = 1 1 7 .5 ° ,  and 0 = 0 ° ,  120°, 
and 240°, respectively, and has a well depth D e =2661 
c m - 1 , relative to N H 3 +  H~. The equilibrium position 
agrees with what we may anticipate from considering the 
charge distribution in the complex, since the negative ion is 
situated on the hydrogen side of the ammonia, away from the 
lone pair of the nitrogen and near the positively charged 
hydrogen nuclei. The barrier (at 0  =  60°, 180°, and 300°) 
between the three minima corresponds to an energy of 
— 1736 c m - 1 , if R and 0  are kept constant. The deepest 
saddle point, however, occurs at larger R and 0  values 
(R = 5.95 bohr and 0 = 1 3 3 . 0 ° )  with a height of - 1 9 0 6  
c m - 1 . The minimum gets shallower with decreasing angle 
© and finally disappears. For instance, for 0  =  90° the mini­
mum is —1617 c m - 1 (/? =  5.78 bohr) and for 0  =  75° it is 
- 4 8 8  c m -1 (/? =  6.3 bohr). For 0  =  60° the potential is 
practically repulsive. The cuts of the hypersurface of N D 3-  
H~ look very similar to those given in Fig. 1. The equilib­
rium position changes slightly to 7? =5 .53  bohr and 
© =  116.8°. The deepest saddle point now occurs at R =  5.88 
bohr and 0  =  132.4°. The value of the potential at these two 
points obviously remains the same.
Due to our larger basis our results for N H 3- H _ differ 
somewhat from the results of Kalcher et al?  They found the 
minima at R — 5.616 bohr and 0 =  119.5°, with a value of 
—2866 c m - 1 and the barrier between them at R = 6.00 bohr
J. Chem. Phys., Vol. 103, No. 10, 8 September 1995
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FIG. 1. Cuts through the cib initio NH3- H  potential (in cm l). The value of <p in the (R ,f i ) plot is as indicated. The ($,(£>) plot is made for fixed R=  5.6 
bohr.
and 0 =  141.3°, with a value of —2370 cm - 1 The values
Kraka4 for the minimum are
with a depth of —3180 
. Cardy et al.J report —2211 cm -1 for the m inim um .13
given by Cremer and 
R = 5.304 bohr and 0 = 1 2 4 . 2
c m “ i — --------' 5
, THEORY OF THE ROTATIONAL-VIBRATIONAL 
SPECTRUM
Since we do not want to make any assumptions about the 
nature of the motions in the complexes, we use the complete 
orthonormal quadratically integrable basis that was also used 
in calculations of the spectrum of the van der Waals m ol­
ecule NH 3- A r .14 Because the potential is known only for the 
equilibrium umbrella angle of N H 3 , we have to apply the 
model that was developed in Ref. 15 to include the inversion 
of N H 3 . This model was based on the assumption that the 
inversion tunneling splitting of the N H 3 monomer is consid­
erably smaller than the van der Waals transition frequencies. 
In a subsequent paper,16 in which the inversion motion was 
explicitly taken into account, the model was shown to hold 
very well. Since a d ipo le-ion  bond is much stronger than a 
van der Waals bond, we can expect the validity of the above 
assumption to be even better for the complexes considered in 
this paper. Here we will give a summary of the most impor­
tant features of the model treatment.
In dynamical calculations, it is more convenient to use 
coordinates (R,ft ,(p)  defined with respect to a body-fixed 
frame that has its z axis pointing along R, and in which #  is 
the angle between the C 3 axis of N H 3 and the vector R, and 
cp the rotation angle of N H 3 around its C 3 axis. The relation 
between this frame and the frame in which the ab initio 
calculations were performed, is given by the transformation 
rule R =R,  © =  #, and 0  =  7r—cp. If  the expansion of the po­
tential is made in the new coordinates, the expression given 
in Eq. (1) gets an additional factor of ( — l ) m. 17
The overall rotation of the complex is given by the 
angles a, ¡3, and y, where /3 and a  are the polar angles of the 
vector R with respect to a space-fixed frame and y  describes 
the rotation of the complex about R. The monomer umbrella
C 3 axis of N H 3 and one of the N - H  bonds. The vibration-
rotation-inversion Hamiltonian can then be written in a form 
that is exact as long as the N H 3 monomer vibrations can be 
separated off: 15
(5)
where
¿ inv(p )  =  7Xp) +  Vinv(p) (6)
and
1 A  /S , h 2 d
2 /jlR dR
R
+  2  ( - 1  )mv lm( R , p ) S lm(d,<p).
l,m
(7)
/ / inv is the inversion Hamiltonian of the N H 3 monomer that 
depends only on the internal coordinate p. The associated
-A
kinetic energy is represented by T(p)  and Vinv(p )  is the 
well-known double-well potential of N H 3, with an inversion 
barrier of 2023 c m - 1,18
-A
The Hamiltonian 7 /int describes the vibrations, internal 
rotations and overall rotations of the d ipo le-ion  complex. 
The dependence of the rotational constants A x( \ = x yy , z )  of 
N H 3 and of the intermolecular potential on the inversion 
coordinate p is indicated. The operator j is the angular mo­
mentum of the N H 3 monomer with respect to the body-fixed 
frame and J is the overall angular momentum of the com­
plex. Exact quantum numbers are J  and M , i.e., the total 
angular momentum and its space-fixed z component. An ap­
proximate quantum number is the helicity CL that is the com- 
ponent o f  both J and j along the vector R. The only terms in
Ai
H m  that couple functions with different are the small off- 
diagonal Coriolis interactions contained in the operator
j - J  I f i R 2.
The main point in the model treatment of the inversion
inversion coordinate p is defined as the angle between the motion of N H 3 is that the eigenstates of / / int need to be
J. Chem. Phys., Vol. 103, No. 10, 8 September 1995
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p e , using the fact that the 
of H my is l / V 2 [ / o ( p )
calculated only for fixed p = 
around state wavefunction 
± / 0( 7r —p )] ,  w h e r e / 0(p ) describes an oscillation in one of
the two wells of Vinv(p ) ,  which is rather localized around the
1 /  A
equilibrium value p e. Diagonalizing H int for p = p e gives 
the energies E]f’i , where i labels the states for a given value
TABLE I. Correlation between PI(C3l,) and PI(D3/l) (spin statistical 
weights0 in parentheses). States adapted to PI(C3y) transform under 
(E + E *) as |A () —► |A J ), |A2) —► 1-^2)» an<^  | £ ) ~ 1y\E' ) ,  and under 
( £ - £ * )  as | A , H | a ; > .  |A2) - > K ) ,  and | £ ) - . | £ " ) . 15
of J, and the corresponding wave functions are
V JMi(R,-d,<p,y,(3,a) = 2  c j i n J j k C l J M n ) ,
jkCln J
in terms of the complete orthonormal basis,
(8)
PI(C3y)
NH3- H “ (D")
PI(D3a) PI(C3w)
n d 3- h _
PI(D3A)
A,( 4) A \ (  0)©AÏ(4) A,(10) a ; ( io)®a ;(1)
A 2( 4) A '(4)©A,i(0) A2( l ) A2(l)®i4#;(10)
E(  2) £ '(2 )© £"(2 ) E{  8) £ ' ( 8 ) © £ ,,(8)
‘We have omitted the overall factors in the spin statistical weights that 
originate from the nuclear spin functions of the ion and the nitrogen.
( 2 ; + 0 ( 2 7 + 1 )  
3 2 p
1/2
X D W j ( a , f 3 , y ) R - ' Xn(R), (9)
which consists of Wigner rotation functions19 and Morse os­
cillator type radial basis functions R~  ^ „ (Z ? ) . 20 The wave 
functions t y JMl are adapted to P I (C 3u), which is the molecu­
lar symmetry group of the N H 3- H _ complex without um ­
brella motion. This is the same group as that of N H 3- A r ,14 
because operations that exchange the hydride ion and a pro­
ton of the ammonia are not feasible (see the Introduction).
The tunneling between the two wells in Vinv(p) is then 
taken into account by constructing the wave functions,
I J M i ± )
1
(10)
they have a spin statistical weight of zero. Consequently, for 
these two complexes there are two noninteracting subspe­
cies, each belonging to a different total nuclear spin of the 
three hydrogens. The ortho species have A 2 and A 2 symme­
try, and the para  species have E '  and E" symmetry. Since 
only one of the two tunneling states (10) is Pauli allowed for 
the ortho states, we cannot observe the inversion splittings in 
the ortho species of both complexes, but only the shifts of 
the allowed levels.
In the case of N D 3 all spin statistical weights are non­
zero. This means that in N D 3-H ~  we have three noninter­
acting subspecies, states of E '  and E ” symmetry with a spin 
statistical weight of 8, states of A \  and A ” symmetry with a 
spin statistical weight of 10, and states of A'2 and A 2 sym­
metry that have a spin statistical weight of 1. In what fol­
lows, we shall refer to the symmetry species of all three
where E  is the identity and E*  represents inversion of the complexes as A u A 2, and E, but for the N H 3 complexes we
system. The corresponding energies are
EJ,i
Eo + EJm[ ± ( D ' X  (
jkCln
I ) 0'+ *)
Cj ,k ,n ,n Cj ,k , -Ù ,n A, (11)
where
£o =  < /o ( p ) |t f J /o ( p ) >
is the zero-point energy of the v2 vibration, and 
A =  ( / o ( p ) |^ i n v l / o ( ^ - p ) >
(12)
(13)
will also use the names of ortho and para  for the A 2 and E  
states, respectively. Since the two subspecies of A { and A 2 
symmetry do not interact in N D 3- H - , we can again only 
observe one of the two tunneling states in Eq. (10) in each 
species. In all three complexes the eigenstates of A x and 
A 2 symmetry only contain basis functions with k = 0 (mod 
3), eigenstates of E  symmetry, only basis functions with 
k — ±  1 (mod 3) .14
In order to get an analytic form of the dipole surface 
needed to compute rotational and vibrational transition prob­
abilities or line strengths,18 we made an angular expansion of 
the spherical components of the dipole moment 
/¿BF(/?,#,<p) with respect to the body-fixed frame with its z 
axis along R,
is the inversion tunneling matrix element that is equal to half 
of the tunneling splitting in free N H 3 . The derivation of this 
result is given in Ref. 15. The implication of Eq. (11) is that
the rovibrational states are split by the inversion tunneling. The expansion coefficients are given by 
The asymmetry induced in the double-well potential of free 
NH3 by the presence of the hydride ion, which makes the 
tunneling splitting less than 2 |A |,  is reflected in the coeffi- 
cients of the wave functions.
The molecular symmetry group of the inverting complex
(R )D iy*(0 ,ü ,< p)  ( v = 0 , ± l ) .
(14)
2 X +  1 f  27r r  7r
d \ rA R ) = —; —  d(p \  s i n & d d
4 7 t  J o J o
x r f F( R , # , p ) D l xM ê , < p ) . (15)
is PI(D3/i). The correlation between PI(C3u) and PI(D3/j) is This integral was evaluated by first making an analytical fit
given in Table I. Because N H 3 and N D 3 have different 
nuclear spins, the symmetry species of their complexes have 
different spin statistical weights. For N H 3- H -  and N H 3-  
D states of A \  and A ’! symmetry are Pauli forbidden, i.e.,
o f the dipole surface in the frame in which the ab initio 
calculations were performed, on the grid described in Sec.
II A .12 The contributions of the H -  charge dipole and of the 
R -independent term, i.e., the permanent dipole /ul0 o f N H 3,
J. Chem. Phys., Vol. 103, No. 10, 8 September 1995
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were excluded from the expansion. After transforming to the 
new body-fixed frame, the integration over was done ana­
lytically and the integration over #  numerically using a 30 
point G auss-Legendre  quadrature. Then f i 0 was added to 
d l0v(R)  for z^ =  0 ,±  1 and the charge dipole - e R MH~, with 
/?MH- being the distance between the dimer center of mass M 
and the H -  ion, was added to d 000(R ) .21
As the dimer center of mass changes on substitution of 
D -  for H “ , we have to replace by /?md_ m  a^st
contribution to obtain the dipole expansion coefficients for 
N H 3- D ~ .  In the case of N D 3- H “ there are two differences 
with the procedure described above. First, the values of the 
dipole moment in Eq. (15) are obtained from the analytical 
fit after converting the coordinates from the N H 3 to the 
ND 3 center of mass, and, second, the distance ÆMh_ between 
the H -  ion and the dimer center of mass changes, now be­
cause of the change in the monomer mass. The permanent 
dipole of N D 3 is the same as that of N H 3.
The rovibrational transition probabilities are defined by
= 2  \ ( J ' M ' ï c T ' \ n s*\JMicr)\2,
MM' m
(16)
where cr and cr' label the signs of the tunneling functions, 
and the space-fixed components of the dipole moment ¡jl 
are obtained from Eq. (14) via
SF
m
u s? =  2  / * " ( * , a , 0 , y)  ( m =  0 , ± 1 ).
V
(17)
Because the ab initio calculations were done only for the 
equilibrium umbrella angle p e , our /¿SF does not depend 
explicitly on p. As a consequence, the integrals over the 
tunneling adapted wave functions given in Eq. (10), 
( J ' M ri'cr '\ / jL^\JMicr),  can be evaluated by taking the in­
tegrals over the purely rovibrational wave functions given in 
Eq. (8), since the overlap b e t w e e n / 0(p ) and f o i i r — p) is 
negligible.16 This means, for instance, that for the para  spe­
cies of each complex the wave functions | J M i  + ) and 
|JM i — ) are both taken to be equal to t y JMl in the calcula­
tions of the transition probabilities, although the energies at­
tributed to them are different, i.e., they are split by an 
amount given by Eq. (11). The rovibrational transition prob­
abilities are then given by the expression15
2  \ ( J ' M ' i ’ \ n ^ \ J M i ) \
MM'm
= (2/' + l)(2/+l) 2 2 2 (-l)*'[(2y' + l)(2i+l)]1/2 
j ' k ' i l ’n' Jkiln Xtu
X
j
t \
\ —k '  ¡x k )  \ —i l '  v i l  j
J ' 1 J
(18)
If the umbrella inversion is nearly quenched in the complex, 
the influence of the p dependence of the dipole surface on 
the transition probabilities will be small.
The quantum numbers J  and J '  are associated with ro­
tational transitions, /,cr and / ' , c r '  with vibrational transi­
tions. Since the dipole moment function is of symmetry 
A , the allowed infrared and microwave transitions are 
A ^ A 2 and E ' ^ E " ,  and, extra for N D 3- H - , A [ ^ A ” .
¿max=  16. We checked the accuracy of the numerical expan­
sion by comparing the values obtained by direct application 
of Eqs. (1), (2), and (3) with the values obtained by first 
transforming R,  0 ,  and O  to the N D 3 center of mass coor­
dinates, and then calculating the potential in the numerical 
expansion. The agreement between the potentials calculated 
by the two methods was better than 2 X 10“ 2 c m “ 1. We have
optimized the parameters R Morse» ^Morse* and ^Morse ° f  
M orse oscillator type radial basis functions to yield mini­
mum energy with a fixed size of the basis for the lowest
V. COMPUTATIONAL ASPECTS
In Table II we summarized the parameters used in the 
calculations. The m onomer configuration is chosen in such a 
way that the rotational constants for N H 3 match the vibra- 
tionally averaged rotational constants given in Ref. 23. The 
rotational constants for N D 3 are then calculated with the 
same configuration. The maximum / value, both in the ex­
pansion of the anisotropic potential given in Eq. (1) and in 
the expression for the numerical expansion of the potential 
about the N D 3 center of mass, given in Eq. (4), is
TABLE II. Parameters used in the calculations.
Masses (amu) 
(Ref. 22)
Rotational constants“ (cm ')
n h 3 ND3 •
l4N 14.0031 A , 9.945 5.140
1H 1.0078 Ay 9.945 5.140
2D 2.0140 A, 6.300 3.153
aWith a N -H (D ) distance in the monomer of 1.917 bohr, and an H-N-H 
angle of 106.9° (p = 1 1 1 .9 ° ) .
J. Chem. Phys., Vol. 103, No. 10, 8 September 1995
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state with 7 =  0. The optimum values for N H 3- H  are
—
found to be /?Morsc=  6.100 bohr, D Morsc=  2633.69 c m - 1 , and 
c0Morse“  276.54 cm - 1 . These values were chosen for 
MH3—D and N D 3- H _ as well, since we found that opti­
mizing the parameters further for these complexes changed 
the energy of the lowest state by less than 0.001 cm - 1 .
First we performed calculations neglecting the off- 
diagonal Coriolis terms for 7 = 0  and 1, with the maximum 
values 7 max and n max of j  and n set to 12 and 7 (thus includ­
ing eight radial basis functions). This means that we had to 
solve secular problems of dimension 456 and 448 for the A 
and E states, respectively, for each value of f t .  The conver­
gence of the eigenvectors has been checked by calculations 
with 7 max~  13 and /2max=  8 , showing that the lowest A 2 state 
with 7 =  0 has converged within 0.1 cm ” 1. Next, we took the 
lowest 15 eigenstates from the secular problems with 7 = 1  
and f t =  — 1, 0 , and + 1, and we solved the secular problem in 
this basis in order to include the off-diagonal Coriolis inter­
actions. If we took the 20 lowest eigenstates, instead of the 
15 lowest ones, the energies changed by less than 0.05 
cm- 1.
The inversion splittings or shifts of the final eigenstates 
are calculated from Eq. (11) and the transition probabilities 
between these eigenstates from Eq. (18). The accuracy of the 
lit of the dipole proved to be ***2%. The accuracy of the 
subsequent expansion was better than 0 .1% for all three 
complexes, taking 0 ^ \ ^ 24 and — where | r |  only
took the values 0, 3, and 6 . For the inversion-splitting of free 
NH3, we have taken the experimental value 2 A = —0.793 
cm” 1, and for N D 3 we have taken 2 A =  — 0.054 c m - 1, both 
values from Ref. 24.
V. RESULTS AND DISCUSSION
The results of our calculations for 7 =  0 are displayed in 
Table III for all three complexes. Since the systems are in 
their overall rotational ground states, their excitations have a 
purely vibrational character and we assign a vibrational 
quantum number v to each of the states. By giving the results 
for the lowest four states of A symmetry and the lowest eight 
of E symmetry, we include the vibrational ground state, de­
noted by u = 0 , and the first three vibrationally excited states 
for each species. The contributions to the total energy are 
given separately, together with the expectation values of the 
stretch coordinate (/?), the end-over-end rotational constant 
B{) = ( h 2/2 / j .R2), ¡jl here being the reduced mass of the com ­
plex, and the angles and extracted from the expecta­
tion values of the Legendre polynomials ( P {(cos # ) )  and 
(P 2(cos # ) ) ;  both angles are measures for the most probable 
value of and the difference A t f 12= t f i  — #2 is a measure 
for the delocalization in
First, we will discuss the N H 3- H -  complex. In Fig. 2 
we have depicted two cuts through the 7 = 0  wave functions 
given in Eq. (8), corresponding to the ortho (A 2) states of 
Table III. Because the ( / ? ,# )  cuts for the para  (E ) states 
closely resemble those for ortho , Fig. 3 only shows the rovi­
brational (#,<p) cuts of the two components. Furthermore, 
we have omitted the third vibrational states, because they are 
similar to the second ones. The fixed values of cp at which
the (R , f t )  cuts are made are given in the figure, together 
with the excitation energy. The (#,<p) cuts are made for 
fixed R = 5.10  bohr.
The potential shown in Fig. 1 has three equivalent 
minima. It is not clear beforehand whether in reality the ion 
is localized in one of these minima or rapidly tunnels be­
tween them. Our calculations enable us to examine this tun­
neling probability and how it is affected by vibrational exci­
tation of the complex. In Figs. 2 and 3 we see that the 
vibrational ground states of both the ortho and the para  spe­
cies are localized in the potential wells, with almost no am ­
plitude between the wells, indicating that the system is a 
nearly rigid dimer, with almost no tunneling between the 
three symmetry equivalent minima. The H -  ion is nearly in 
line with the N - H  bond. For the ortho ground state, for 
instance, it is slightly bent, with an N - H - H “ angle of 
174.8°, i.e., the H -H ~  bond is tilted by 5.2° toward the C 3 
axis. Clearly, the first excited state is a <p excitation. The 
second and third excited states are mixed R , d  excitations, 
which is also reflected by the increase in the expectation 
values of the dimer bond length, in the angle # j ,  and in 
A # 12. From the fact that the inversion shifts in Table III are 
negligibly small, we conclude that the umbrella inversion 
motion is nearly quenched. For the v =  3 state, we observe an 
increase both in the inversion shift and in A # 12, meaning 
that this state is more delocalized in #  and has a smaller 
asymmetry in the double-well potential.
If  the N H 3 monomer could rotate freely within the com ­
plex, we would expect the energy difference between the first 
ortho and the first para  states to be of the same order as that 
in free N H 3, i.e., between the states with j  = k = 0 and j  = k 
=  1. If the dimer were exactly rigid, no permutations would 
be feasible and the ortho-para (A - E ) difference would van­
ish. We may therefore consider this energy difference to be a 
measure for the probability of tunneling between the three 
equivalent minima. For N H 3- H - , we find a value of 0.393 
cm ” 1, which may be compared to the free monomer value of 
16.245 c m - 1 . To check the convergence of the ortho-para 
difference, we did calculations in an angular basis with 
j  max “ 16, and found that it changed by less than 0.01 
c m - 1 . Coincidentally, this splitting between ortho and para 
is almost equal to the inversion-splitting parameter A of free 
N H 3, meaning that these two tunneling processes occur on 
the same time scale. Looking at the excited states, we see 
that the probability distribution in the cp direction becomes 
smeared out, making it more likely for the m onomer to tun­
nel from one minimum to the other. The ortho-para differ­
ences increase to values comparable to the overall rotational 
energy level spacings (also see Table IV). Note that for the 
<p excitation, the energy of the para  species is below that of 
the ortho species. This is caused by the fact that an excitation 
in <p requires the wave function to contain basis functions 
with k=£0. Inspection of the coefficients of the wavefunc- 
tions, defined in Eq. (8), shows that the para  states consist 
mainly of basis functions with 7 =  1, 2, and 3. The main con­
tributions to the ortho state come from basis functions with 
7 = 3 , 4, and 5, whereas its coefficients with 7 = 0 , 1, and 2 are 
zero.
For reasons of brevity we do not give the cuts through
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TABLE III. Vibrational quantum numbers, energies, expectation values of the dimer bond length (R ) and the 
rotational constant B0 = ( h 2/2 iiR 2), and the angles # != arccos  (P j(cos tf ) )  and tf2=arccos
[ j ( 2 ( P 2(C0S ^ ) ) + l ) ] l/2 f°r the lowest four A states and the lowest eight E states, with 7 =  0 for each 
complex. The reference energy D 0 is equal to the ground state energy (for comparison, D c = -  2661 cm “ '). 
The additional tunneling shift from Eq. ( II)  is given in parentheses.
State i V
Energy3
( c m '1)
<«>
(bohr)
B0
(cm !)
N H j-H
Ortho (£>0= -2122.4227)
1 (A'i) 0 0.0000 ( +  0.0037) 5.796 1.915 119.3° 120.9°
2 (A 2 ) 1 272.1127 ( -0 .0 0 4 1 ) 5.868 1.870 119.4° 120.9°
3 (A'¡) 2 309.8500 (+0.0051) 6.106 1.767 123.6° 125.9°
4 (A 2 ) 3 361.2450 ( + 0.0131) 5.980 1.821 122.4° 125.5°
Para (E) (D 0=  -2122.0297)
\ ± 0 0.0000( 5  0.0037) 5.795 1.916 119.3° 120.8°
2 ± 1 265.4682( 5  0.0037) 5.881 1.862 120.2° 121.8°
3± 2 3 15.3438( + 0.0048) 6.115 1.767 122.1° 124.1°
4 £ 3 371.2459( +  0.0172) 5.938 1.839 121.5° 124.9°
N H j-D -
Ortho (D 0= -2184.6712)
1 (AJ) 0 0 .0000( + 0.0031) 5.743 1.026 119.1° 120.5°
2 {A 2 ) 1 243.7448( +  0.0029) 5.992 0.965 120.5° 122. 1°
3 {A'2) 2 263.21 6 5 (-  0.0035) 5.806 1.004 119.2° 120.6°
4 (An) 3 347.1332(+ 0.0140) 5.863 0.986 123.8° 127.4°
Para (E) (D 0=  -2184.4274)
\ ± 0 0.0000( +  0.0032) 5.743 1.026 119.0° 120.5°
2 ± 1 244.4225( +  0.0030) 5.989 0.965 120.3° 121.8°
3 ± 2 259.4839(5 0.0033) 5.814 1.001 119.7° 121.2°
A± 3 356.4325(5 0.0165) 5.842 0.993 122.3° 126.0°
N D j-H '-b
A 1 (D „ =  -2196.5896)
1 (A[) 0 0 .0000( - 0 .0001) 5.739 1.937 118.2° 119.5°
2 (A'l) 1 2 18.2839( +  0.0001) 5.803 1.895 118.6° 119.9°
3 (A[) 2 2 8 5 .2 7 0 3 (-0.0005) 5.876 1.857 122.2° 125.3°
4 (A ¡) 3 336.5427( -  0.0002) 6.035 1.805 118.6° 120.2°
E (D 0=  -2196.4698)
I s 0 0 .0000( +  0 .0001) 5.739 1.937 118.2° 119.4°
2 ± 1 218.5147(50.0001) 5.805 1.894 118.6° 119.9°
3± 2 285.9305(5 0.0005) 5.873 1.859 121.9° 125.0°
4± 3 336.5792(5 0.0002) 6.034 1.805 118.6° 120. 1°
aFor the para (E ) species the upper sign corresponds to E'  and the lower to E" symmetry. The sign a  of the 
A states can be deduced from Table I.
hTo obtain the quantities given for the A 2 states of ND3- H _ , A [ must be replaced by A \  and A',' by A'2 , and the 
signs of the tunneling shifts must be reversed.
the wave functions of the other two isotopomers, but we will 2| A| of free N D 3 is much smaller than that of free N H 3, but
confine ourselves to giving a a description of their features, 
while referring to Table III. For N D 3- H - , the cuts resemble 
those in Fig. 2, even though the nodal plane is more horizon­
tal in the wave function of the second excited state, and more 
vertical in the third. This is reflected in Table III by the fact 
that the increases with respect to the ground state in (R)  and 
# i ,  respectively, are smaller for these states than in the case 
of N H 3- H - . Table III also shows that the expectation value 
of (R )  and are smaller for the ground state. This is 
caused, for the larger part, by the translation of the origin, 
but the increased mass of the deuterated ammonia also re­
duces the stretch amplitude of the vibrational ground state. 
The inversion shifts and splittings are much smaller than in
also because the reduction factor of the shift and splittings is 
larger. Except for the second excited state, A # i 2 is small, 
again indicating that the other states have little or no cou­
pling to the d  mode. The A -E  difference is considerably less,
0.120 c m - 1 , and the energy of the <p excited E  state now is 
above the energy of the A state. This can be attributed to the 
smaller rotational constants and the smaller bond length.
The cuts through the ortho wave functions of N H 3-D  
show two striking differences with the other two complexes. 
First, the second excited state now is the cp excitation. Sec­
ond, the R and #  motions appear to be practically decoupled. 
The first excitation is the R  excitation, which remains local-
N H 3- H  . This is not only because the inversion splitting ized in <p, and the third excited state is the excitation. If
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FIG. 2. Cuts through the first four rovibrational states of ortho NH3- H  with 7 =  0. The values of cp in the ( R, d)  plots are given in the figure, together with 
the excitation energies. The plots are made for fixed R=5.1  bohr. Amplitudes of the wave functions are given in 10-3  (bohr)~3/2.
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values and symmetry assignments in Table III. The ortho­
para (A-E)  splitting here is 0.244 c m - 1 , the difference with 
respect to N H 3- H ~  now arising from the change in bond 
length and the heavier deuterium ion. As a consequence of 
the cp localization of the stretch excitation, the ortho-para
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n h 3- h ~  one sees that the & and cp excitation are lowered 
about 10 c m “ \  whereas the R excitation is lowered by 66 
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these observations are supported by the expectation
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FIG. 3. Cuts through the two components of the first three rovibrational states of para NH3- H  with J = 0, for fixed R = 5.7 bohr. The excitation energies are 
as indicated. Amplitudes of the wave functions are as in Fig. 2.
splitting remains small for this state. The energy of the <p 
excited para  state is again below that of the ortho state.
If we compare the vibrational excitation energies of 
N H 3- H ~  with those of N H 3- D _ , we can expect from 
simple harmonic oscillator models— in which the stretch fre­
quency is proportional to and the bending frequencies 
to y[A; — that the stretch frequency changes significantly, be­
cause of the change in reduced mass. Since both complexes 
have the same m onomer rotational constants, which are 
larger than the rotational constants associated with the m o­
tion of the H -  and D~ about the center o f  mass, the bending 
frequencies are expected to be less affected. The situation is 
reversed for N D 3- H -  because now the reduced masses are 
practically the same, but the m onom er rotational constants 
are significantly different. The energies listed in Table II are 
in general accord with these expectations, the deviations
arise mostly from the fact that the R  and modes are 
coupled in N H 3- H - .
Table IV summarizes the results of our calculations with 
7 = 1 .  As each 7 =  1 state has three substates, each being a 
mixture of basis functions with i l  =  — 1 , 0 , and 1, we now 
give the results for the lowest 12 states of A symmetry and 
the lowest 24 of E  symmetry. For both species of each com-
jr •
plex, we give the rovibrational energies E ^ ,  which include
the off-diagonal Coriolis contribution [cf. Eq. (7)], and, in
parentheses, the inversion tunneling shift that must be added 
f
to E ^ { to obtain the state energy. To give an idea of the 
importance of the off-diagonal Coriolis correction, we give 
its value separately. In this table we have also included the 
vibrational quantum number u and the absolute value of the 
approximate quantum number i l .
From Table IV, we see that for the vibrational ground
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TABLE IV. Energies in cm - 1 for the lowest 12,4 states and the lowest 24 E  states with 7 =  1 for cach complex. 
The energies are given with respect to the ground state energies D 0 (see Table III). The additional tunneling 
shift from Eq. (11) is given in parentheses. The off-diagonal Coriolis correction is already included in the state 
energy.
V
A state
| n | Energy3
Coriolis E state 
correction i Energy3
Coriolis
correction
NH3- H "
0 1 (A'2 ) 3.1398 ( +  0.0037) -0 .6 8 9 5 1* 3.1161(±0.0037) -0 .7 1 4 3
1 2 (A 10.7259(-  0.0037) -0 .4 1 9 6 2± 10.1137(±0.0010) -  0.3672
1 3 ( ^ 2 ) 10.8239( -  0.0036) -0 .3 2 1 7 3± 10.5723( + 0.0010) -0 .3 6 5 5
0 4 (A'i) 274.6573( -  0.0038) -1 .1 9 3 3 4 ± 268.5783(± 0.0037) -0 .6 1 2 4
1 S (A '2) 277.6616( + 0.0032) -0 .6 5 9 9 5 ± 273.2965( + 0.0001) -0 .1 4 5 5
1 6 (A ’{) 278.4473( + 0.0029) 4-0.1258 6± 279.7626(± 0.0001) -  0.2664
0 313.0654( + 0.0050) -0 .3 1 6 7 7± 317.9165(± 0.0046) -0 .9 6 0 9
1 8 (-4 2) 324.7029( -  0.0046) -  0.3287 8± 321.4761(± 0.0003) -  0.0202
1 9 (-4 2) 324.813 8 ( - 0.0047) -0 .2 1 7 8 9± 327.0105(+ 0.0001) -  0.4065
0 10 04 ;) 364.4792( + 0.0127) -  0.4057 i o - 371.8475(± 0.0060) -1 .1 7 0 9
1 11 (-4 ;) 379.3725(-0 .0151) -0 .2 1 7 9 11* 375.1354(±0 .0111) +  0.2129
1 12 (A'2 ) 3 7 9 .3 8 0 7 ( -0.0158)
0
-0 .2 0 9 7 12± 384.7766( + 0.0001) -  0.5483
0
1
n h 3- d
0
1
0
1
1
0
1
1
0
1
1
0
1
1
i(A i)
2 04")
3 (Ai) 
4 (a ; )
5 (A 2)
6 ( A ' 2 )
7 (A D
8 (¿i)
9 042)
10 (A'2)
11 (A¿)
12 (A',')
1.8331( + 0.0031) 
9 .9 7 9 6 ( - 0.0031) 
10.0157( —0.0031) 
245.4638( + 0.0029) 
254.0862( -  0.0029) 
2 5 4 .1 5 4 9 ( -0.0029) 
2 6 4 .9 9 5 0 ( -0.0035) 
270.1434( +  0.0028) 
270.2567( 4- 0.0028) 
348.9995( +  0.0139) 
3 6 4 .4 1 2 4 ( -0.0153) 
364 .4240(-  0.0155)
-0 .2 1 8 0
-0 .1 3 4 3
-  0.0982
-  0.2096 
-0 .1 5 9 9  
-0 .0911
-  0.2294 
-0 .1 3 0 2  
-0 .0 1 6 9  
-0 .1 0 5 5
-  0.0826 
-  0.0709
1*
2±
3 “
4±
5 ±
6±
7±
8^
9±
10-
11-
12 "
1.8290(± 0.0032) 
9.5851 (±  0.0004) 
9.8756(^0.0004) 
246.1385( ±  0.0030) 
252.9742(± 0.0002) 
253.9758(^0.0002) 
261.3537(± 0.0033) 
267.9508(^0.0000) 
271.7532(± 0.0000) 
357.3079(± 0.0086) 
359.0366(± 0.0079) 
369.0541( + 0.0001)
-  0.2225 
-0 .1 1 5 3  
-0 .1 1 5 2  
-0 .2 1 4 4  
-0 .1 2 1 4  
- 0.1100 
-0 .1 3 2 6  
-0 .0 6 1 8  
-0 .0 9 7 9  
-0 .9 1 3 6  
+  0.6190 
-0 .1 6 4 4
ND3- H -  b
0
1
0
1
1
0
1
1
0
1
1
0
1
1
I (A'0
2 (A¡)
3 04',')
4 04¡)
5 (A',')
6 (A!)
7 (A',')
8 (A !)
9 (A?) 
10(A'i)
I I  (a;>
12(A'0
2.6949 ( -0 .0 0 0 1 )  
5.9754(4-0.0001) 
6.1479(4-0.0001) 
220.9772(4-0.0001) 
2 2 3 .9 3 2 7 ( -0.0001) 
224 .1546(-  0.0001) 
2 8 8 .1 3 9 6 ( -0.0005) 
292.5044(4-0.0005) 
292.5301(4-0.0005) 
3 3 9 .2 0 1 8 ( -0.0003) 
342.5615( + 0.0003) 
342.7363(4-0.0003)
-1 .1 7 7 6  
-0 .6 8 5 6  
-0 .5 1 3 1  
-1 .0 9 6 3  
-0 .5 9 1 5  
-0 .3 6 9 6
-  0.8433 
-0 .6 1 9 1
-  0.5934
-  0.9498 
-0 .5811
-  0.4062
1*
2±
3 ±
4 ±
5*
6±
7 ±
8±
9±
10-
11 -  
12-
2.6914(± 0.0001) 
5 .8548(± 0.0001) 
6.0936( + 0.0001) 
221.3093(± 0.0001) 
223.7613(± 0.0000) 
224.3259(^0.0000) 
288.5549(± 0.0005) 
291.6826(± 0.0002) 
292.5313(^0.0002) 
339.2228(± 0.0003) 
342.3806(± 0.0002) 
342.6489( +  0.0002)
-1 .1811
-  0.6304
-  0.5566
-  0.9929 
-0 .5 0 1 9
-  0.4277 
-1 .0 9 2 1
-  0.4988 
-0 .6 3 8 7
-  0.9657 
-0 .5 3 3 8
-  0.4606
aFor the para (E ) species the upper sign corresponds to E '  and the lower to E" symmetry. The sign cr of the 
A states can be deduced from Table I.
^ 0  obtain the quantities given for thc/42 states of ND3- H _ ,>4 [ must be replaced by A 2 and/4',' by A 2, and the 
signs of the tunneling shifts must be reversed.
state of both species and all three of the complexes the states 
with | i l |  =  l are nearly degenerate. To check whether the 
magnitude o f the splittings was stable with respect to the size 
of the angular basis, we also calculated them in a basis with 
V max = 16 , yielding a change in the sum of the Coriolis and 
inversion splitting o f 0.006 c m - 1. The influence o f the off- 
diagonal Coriolis contribution on the spectrum is small, only 
the small transition frequencies o f  the purely rotational tran­
sitions, where the initial and final values o f  v are the same, 
fre significantly affected by it. Since i l  is a nearly good
quantum number in the vibrational ground state, we may 
regard the systems as prolate near-symmetric tops in these 
states. This is also illustrated in Table V, where we compare 
the lowest three transition frequencies for transitions
7  =  0 —>1 in the ortho species of each complex with rigid 
rotor calculations. The position o f the ion and the rigid rotor 
rotational constants and asymmetry parameters are given as 
well in Table V. The rotational transition frequencies are 
fairly well predicted by the rigid rotor model. The large ro­
tational constant is comparable with the rotational constants
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TABLE V. Lowest three transition frequencies (cm-1) for 7 = 0 —> 1 obtained from the present calculations for 
the A species of each complex and those obtained from calculations in which the complexes are assumed to be 
rigid rotors.“
2: X u> I DC
1 n h 3- D - n d 3-F I-
Variational Rigid rotorb Variational Rigid rotor0 Variational Rigid rotord
3.1399 3.1443 1.8331 1.8271 2.6949 2.6369
10.7186 10.3568 9.9734 9.6961 5.9726 5.8040
10.8166 10.4694 10.0095 9.7337 6.1451 5.9743
aWith a monomer configuration as indicated in Table II, and the ion localized at R = 5.1 bohr, © =  $ =  119°, and
<J>=77— <p=0°.
bRotational constants (cm-1 ): 8.841, 1.628, 1.516; asymmetry parameter k = -0 .9 6 9 .  
cRotational constants (cm-1 ): 8.801, 0.932, 0.895; asymmetry parameter k = -0 .9 9 0 .  
dRotational constants (cm-1 ): 4.571, 1.404, 1.233; asymmetry parameter k = -0 .8 9 8 .
third excitation to be the #  bending excitation. This assign­
ment agrees with the results given in Table III.
Since we have only considered states with 7 = 0  and 1, it 
would be convenient to have a quantity from which the rovi- 
brational transition probabilities for other total 7 transitions 
can be estimated. We can derive such a quantity, which we 
may consider to be a vibrational transition probability, from 
Eqs. (8) and (18). We assume that the off-diagonal Coriolis 
interaction may be neglected, so that H  is a good quantum 
number. Further, we assume that the dependence of
JJ
w nte
O IT
(19)
with
< W , a , v )
of the monomer, and the other two are comparable to the 
expectation value B 0 given in Table III. The asymmetry pa­
rameters k =  ( 2 B - A  -  C) / (A -  C)  are all nearly -  1, which 
is the value of k  for a prolate symmetric top.
For the vibrationally excited states, the situation is dif­
ferent. The two para states with | f l |  =  1 clearly have differ­
ent energies, implying that the comparison with a symmetric 
top is no longer realistic. This behavior can be understood if 
we look at the cuts through the wave functions shown in Fig.
3. Because of the different amount of delocalization in the 
#  and cp directions, the two moments of inertia associated cj \ l ,n ,n » (8), on 7 is very weak, so that this dependence
with the principal axes perpendicular to the dimer bond axis may also be neglected. With these approximations, we can
\  f t
start to deviate, and the top becomes asymmetric. The E  
states of the NH 3-H ~  and NH 3-D ~  complexes even seem 
to behave as oblate symmetric tops in their third vibra­
tionally excited state. The ortho states, however, retain their 
prolate symmetric top character. The difference in energy 
between the states with | f l |  =  l remains small.
For para  states with | f l |= 0 ,  the inversion splitting is 
about the same as it is for ortho, but for levels with 101 =  1 it 
almost vanishes. If i l  were a good quantum number, this 
splitting would vanish exactly, according to Eq. (11), since 
degenerate components of the para  states would correspond 
with f t =  —1 and f l =  +  l, respectively.15 The small splittings 
are caused by the admixture of f l = 0  basis functions into 
these states, through the off-diagonal Coriolis interaction.
Permutation symmetry requires the ortho states to have an 
equal weight of Cl and — H  basis functions, hence the inver­
sion splitting is less dependent on CL.
In Table VI we have listed the rovibrational transition 
probabilities (including the H onl-L ondon  factors25) in (a.u.)2 
for N H 3- H ~ .  T o reduce the number of transitions in the 
Table, we have chosen to show only transition probabilities 
above a threshold of 0.01 (a.u.)2. We see that the stretch 
transitions are by far the strongest. This is to be expected, 
since their intensity originates from the H~ charge dipole.
The transition frequencies can be calculated from the ener­
gies given in Tables III and IV, taking into account the se­
lection rules for dipole transitions. We have also calculated 
the rovibrational transition probabilities of the other two 
complexes. The transition probabilities for transitions be­
tween corresponding types of excitation are of the same or­
der of magnitude as those of N H 3-H H , if we consider the 
second excitation of N H 3- H ~  to be the R  stretch, and the
2
j , k , n
2 / + 1
4 7 r  J
c% .a . M )k W > < P ) R ~ lX n W ,  (20)
where we suppressed in the notation the dependence of
F •
C jk ft M on -A and replaced i by the compound index 
(i> ,il) . With this form of the wave function the rovibrational 
transition probability becomes
nJ ,U (2 7 '  +  1 ) ( 2 J +  1 )
/ 7 '
X
1 7
\ -C L '  CL'-CL CL
(21)
i.e., it can be written as the product of the Honl-London 
factor and a factor that we will use as our definition of the 
vibrational transition probability. Conversely, if the approxi­
mations leading to Eq. (19) are valid, then the quotient of
S Eq. (18), and the H on l-L ondon  factor,
t : toJ’J
■V/ (27' + l ) ( 2 7 + l)
7 ' 1 7
-C L '  CL'-CL CL
- 1
(22)
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TABLE VI. Rovibrational transition probabilities3 (in (a.u.)2) larger than 0.01 (a.u.)2 for transitions in NH3- H  between the states given in Tables III and IV
ƒ->/ f  i fJ '. in j¿J.i
f t  • /  nJ ,/
J.i
/ —z c J ' j 'ÔJ.I f — 2 r J ' j ' / —/ cJ ,1 d J.i
ortho 
1 - 1  
1-3 
- 5
para
1-1
1 -3
1-5
1-6
23.052
0.037
0.060
23.065
0.015
0.030
0.032
7 =  0 — 7 ' =  1
1
1
1
■7
10
11
0.096
0.067
0.014
2—+4 
2—>-6 
2 —>9
22.529
1.237
0.078
3
3
12
7
8
0.018
25.456
0.215
1
1
1
1
7
8 
10 
11
0.099
0.020
0.029
0.024
2 — 4 
2—>5 
2—>6 
2—+8
23.579
0.037
0.362
0.013
3
3
3
7
8
9
10
23.973
1.937
0.019
0.014
3
4 
4
11
10
11
4
4
4
10
11
12
0.018
24.351
0.422
7.328
16.892
0.080
ortho
1 -3
1 -4
para
1 — 3
1 -4
0.105
0.076
0.126
0.055
7 =  1 — 7 ' =  0
2—>2 
3 —>4
0.053
0.012
5 —>3 
5 —>4
0.179
0.016
7 — 4 0.018
2 — 2 
3 — 2
0.032
0.023
6 - 3  
8 — 4
0.036
0.032
ortho
1-2
1—6
1 - 1 2
2 -3
2 - 8
para
1 -3
1 -5  
1 - 6
2—3 
2—>4 
2 -7
0.055
0.073
0.016
34.561
0.184
0.017
0.046
0.043
2.481
0.029
0.038
7 = 1— 7 ' = 1
2— 10 
2— 11 
3 — 4 
3 — 9 
3 — 12
0.026
0.076
0.081
0.171
0.087
4 — 5
4 — 7 
4 - 8  
4 — 11
5 — 6
1.858
0.024
0.111
0.023
33.754
6 — 7 
6 - 8  
6— 10 
7 — 9
7 — 12
0.228
0.014
0.023
0.321
0.027
2
2-
2-
3
3
3-
8
10
11
4
9
12
0.125
0.046
0.069
0.057
0.189
0.067
4
4
4
5
5
6
5
6 
8 
6 
7 
7
0.065
0.532
0.022
0.014
0.012
0.049
7
7
8 
8- 
9- 
10
8
9
9
10 
12 
11
2.647
0.044
0.016
0.051
0.014
7.856
8
9-
9-
10
11
9
10 
11 
12 
12
10
11
12
12
38.495
0.010
0.021
0.639
36.041
0.069
0.059
JFor the para species transitions from / — have the same transition probabilities as those from i — (see Sec. III). We therefore suppress the cr 
labeling of the states. The values include the Hônl-London factor; 1 a.u.=2.54158 D.
must be independent of J  and / ' . I n  order to test this ap- reasonably well for the ortho species, for para  the deviations
proximation, we tabulated the transition probabilities ob­
tained by application of Eq. (22) in Table VII.
We distinguish two types of transitions; the parallel tran­
sitions, with I A O  I = 0 , which are induced by the v = 0  com ­
ponent of the body-fixed dipole moment /¿BF; and perpen­
dicular transitions, with |A i l |  =  1, induced by the v=  ±  1 
components. We expect these two types to have rather dif­
ferent transition probabilities, because the most important 
contribution to the total dipole, the charge dipole, only con­
tributes to the v= 0  component. By applying the above for­
mula we want to obtain for each vibrational transition 
v~>v' one vibrational transition probability for parallel and 
one for perpendicular transitions. To see how well our ap­
proximate formula works for N H 3- H _ , we compare the vi­
brational transition probabilities for all | i l | —> |i l '  
transitions in Table VII. Parenthetically, we remark that the 
squares of all 37 symbols involved in transitions from 7 = 0  
to J ' =  1, and vice versa, are equal to 1/3, and for J =  1 to 
^  = 1 they are all equal to 1/6. Taking into account the divi­
sion by the factor ( 2 7 '  +  1 ) ( 2 J +  1 ) in Eq. (22), we see that 
the vibrational transition probabilities are equal to the rovi­
brational transition probabilities for the first two transitions, 
and 1.5 times smaller for the third.
In Table VII we see that the approximate formula works
are larger. This may come from the fact that the excited para  
states have lost their near-symmetric top behavior. The tran­
sitions with v = v r are purely rotational. If the complex were 
a symmetric top, the corresponding transition probabilities 
would be equal to the square of the expectation values of the 
component of the dipole moment that induces these transi­
tions. For the parallel transitions with u = v '  the transition 
probabilities in Table VII are nearly equal to | 25=5=5 30
(a.u.)2, the difference being caused by the other contributions 
to the parallel dipole component and by the fact that the 
complex is not exactly a symmetric top. The transition prob­
abilities for rotational transitions with v = v '  demonstrate
BF BFalso that | is indeed much smaller than | ^ 0
To get an idea whether the (ro)vibrational transitions in 
N H 3- H ” can actually be observed in infrared or microwave 
spectroscopy, we may compare the vibrational transition 
probabilities given in Table VII with those calculated for 
some known positive molecular ions. In molecular ions, usu­
ally the protonating modes, i.e., H + displacements relative to 
the center of mass, are very intense. One of the most intense 
vibrational transitions in positive ions is a transition o f this 
type, namely the u ' =  1 <— v = 0 transition in H F + , which has 
a vibrational transition probability of 0.012 (a.u .)2.26 The vi-
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Potassium nitrate (K N 0 3) isolated in solid argon at 13 K was irradiated with emission from an ArF 
excimer laser at 193 nm. Recombination of the photofragments led to formation of both cis- and 
/Ttfrts-potassium peroxynitrites (KOONO). The cyclic conformer, c/s-KOONO, absorbs at 1444.5,
952.3, 831.6, and 749.1 c m -1 , whereas trans-KOONO  absorbs at 1528.4, 987.4, and 602.2 c m -1 .
The assignments are based on observed 180 -  and 15N-isotopic shifts and comparison with similar 
compounds, cis-cis  and trans-perp  HOONO. Ab initio calculations using density functional theory 
at a Becke3LYP level predicted similar line positions and isotopic shifts for both conformers. 
Photoconversion among these three isomers was achieved at various wavelengths and periods of 
irradiation; c/s-KOONO was photolyzed readily at 308 nm, whereas trans-KOONO increased 
slightly in intensity initially and was eventually transformed to K N 0 3 on prolonged irradiation.
Similar results were obtained for L iN 0 3 and N a N 0 3; c/s-LiOONO and cis-NaOONO absorb at 
(1423.4, 1422.0), 966.2, 874.2, 792.3 c m “ 1 and (1437.4, 1434.6), 961.4, 840.7, (770.9, 768.7) c m -1 , 
respectively, whereas rra^^-LiOONO and frarts-NaOONO absorb at (1581.6, 1580.4), (998.3,
995.6), 600.4 cm -1 and (1549.3, 1540.6), (996.3, 994.1), (609.4, 607.4) cm -1 , respectively; the 
numbers in parentheses are due to line splitting. © 1995 American Institute o f  Physics.
I. INTRODUCTION
Peroxynitrite anion [oxoperoxonitrate (1—), O N O O - ] is 
an exceptional oxidant, the significance of which in biology 
and physical chemistry has been only recently recognized. In 
biological systems, peroxynitrite is formed by a diffusion- 
limited reaction between superoxide and nitric oxide .1 It is 
formed by activated macrophages and neutrophils as a potent 
defense toxin against invading microorganisms.2,3 It also 
may be produced under pathological conditions to cause sub­
stantial injury during stroke, heart attack, and acute lung
4 —7injury.
Irradiation of nitrate with UV light causes the formation 
of peroxynitrite, accounting for the yellow color of nitrate
Q  Q
crystals damaged with x rays. Photochemical formation of 
peroxynitrite on ultraviolet radiation of Martian soil may 
have resulted in initially promising signs of life on the Vi­
king Mars mission .10 Peroxynitrite is a potent oxidant that 
oxidatively decarboxylates amino acids in solution, generat­
ing carbon dioxide. As a peroxide, peroxynitrite can decom ­
pose to release oxygen when exposed to light, which was
a)To whom correspondence should be directed; jointly appointed by the In­
stitute of Atomic and Molecular Sciences, Academia Sinica, Taipei, Tai­
wan, Republic of China.
confused with possible photosynthesis. Peroxynitrite may be 
of importance also to atmospheric chemistry .11
In aqueous solutions, peroxynitrite has a p K a value of
19
6.8, the smallest of any peroxide. Peroxynitrous acid de­
composes to form a powerful oxidant with the reactivities of 
hydroxyl radical and nitrogen dioxide .13 It is also a potent 
oxidant according to other more direct oxidizing pathways. 
However, peroxynitrite is relatively stable at alkaline pH, 
and can be kept for days in a refrigerator with little decom­
position.
Peroxynitrite anion is expected to exist in at least two 
geometric forms, the cis and trans conformers. Quantum- 
chemical calculations at SCF level predict that the trans is 
more stable than the cis conformer,14 whereas calculations at 
M CSCF and FOCI levels predict that the cis conformer is 
slightly more stable .15 The cis conformer helps explain the 
exceptional stability of peroxynitrite, because the cis con- 
former cannot directly rearrange to the substantially more 
stable nitrate isomer. The trans conformer was also proposed 
to exhibit great reactivity because it may form an energetic 
intermediate O N O - O H  that possesses the reactivity of hy­
droxyl radical (OH) and nitrogen dioxide ( N 0 2).16,17 The rec­
ognition of the conformation of peroxynitrite may affect its 
oxidative chemistry. For example, only trans peroxynitrite 
appears to be able to fit into the active site of superoxide
4026 J. Chem. Phys. 103 (10), 8 September 1995 0021-9606/95/103(10)/4026/9/$6.00 © 1995 American Institute of Physics
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dismutase, which appears to limit the damaging catalysis of 
tyrosine nitration by superoxide dismutase .18,19
However, despite numerous kinetic experiments of reac­
tions involving peroxynitrite anion in the aqueous phase ,20 
spectral identification of these conformers is not well estab­
lished. A broad absorption at 302 nm (FW HM  —40 nm) is 
ascribed to O N O O -  in the aqueous phase .21-23 Plumb and 
Edwards8 reported that O N O O -  is the primary product when 
solid nitrates are irradiated with UV emission at 254 nm. 
Three broad absorption features near 721, 815, and 943 c m -1 
are attributed to O N O O -  because they disappeared after 
photobleaching of the sample at 300 nm; the conformation 
was not discussed. The laser Raman spectrum of O N O O -  
(and 0 15N 0 0 - ) in aqueous alkaline solution and in irradi­
ated crystals of K N 0 3 (and R u N 0 3) revealed only a single 
conformer, with shifts at 378, 672, 756, 817, 944, 999, and 
1487 c m -1 for KOONO in crystal, and 375, 642, 791, 931, 
and 1564 c m -1 for KOONO in alkaline solution. Ab initio 
calculations using CCSD (coupled cluster singles and 
doubles) method indicated that the experimentally observed 
Raman shifts and 15N-isotopic shifts fit better with the pre-
I
 dieted values of the cis conformer.24
We were previously successful in producing peroxyni- 
trous acid in two conformers, cis-cis  HOONO and trans-  
perp  HOONO, by laser irradiation of nitric acid ( H 0 N 0 2) 
isolated in matrices at low temperature .25-28 The matrix cage 
effect provides excellent opportunities for photofragments 
(OH and N 0 2) to recombine to form H 0 0 N 0 2 in various 
conformers. In the present work we employed a similar tech­
nique and irradiated samples of matrix-isolated alkali-metal 
nitrates, M N 0 3 (M =Li,N a,K ), to examine the infrared ab­
sorption lines ascribable to trans and cis alkali-metal salts of 
peroxynitrite (MOONO).
II. EXPERIMENTS
The experimental setup is similar to that described 
previously.25,27 The cold matrix support at 13 K was a gold- 
plated copper mirror to reflect the IR beam to the detector, 
resulting in improved sensitivity and baseline. The matrix 
support was rotatable to face, as desired, the deposition inlet, 
the photolysis source, or the IR beam. Matrix-isolated 
samples were prepared by passing a stream of Ar over a glass 
tube containing samples of M N 0 3 (M =Li,N a,K ); the tube 
was heated to approximately 20 °C below the boiling point 
of the sample. Typically 1 0 -2 0  mmol of gaseous mixture 
was deposited over a period 3 - 6  h. Proper dilution to avoid 
formation of large aggregates was achieved by careful con­
trol of the temperature of the sample tube.
An ArF excimer laser (193 nm), operated at 10 Hz with 
energy 2 .0 -2 .5  mJ/pulse, was employed to photodissociate 
the matrix sample. A XeCl excimer laser (308 nm, 10 Hz, 
with energy 3 .5 -4 .0  mJ/pulse) was subsequently employed 
for further dissociation in order to differentiate IR absorption 
lines of various species. IR absorption spectra were recorded 
at each stage o f photolysis with a Fourier-transform infrared 
(FTIR) spectrometer equipped with a KBr beamsplitter and a 
Hg/Cd/Te detector cooled with N 2 to cover the spectral range 
500-4000 cm -1 . Typically 400 scans were collected at a 
resolution 0.5 c m -1 .
FIG. 1. IR absorption spectra (1260-1560 cm -1) of a K N 0 3/Ar matrix 
sample before and after irradiation, (a) Before irradiation; (b) after irradia­
tion at 193 nm for 5 min; (c) further irradiation at 308 nm for 5 min; (d) 
further irradiation at 308 nm for 30 min. Lines marked by * are impurities 
from corresponding species containing Na.
•  1R •
Various O isotopic species of M N 0 3 were prepared by 
the following method. Potassium nitrate (1.0 g) was dis­
solved in 0.7 ml of H2180  (98%) and acidified with gaseous 
HC1. Under acidic conditions, water randomly exchanges 
with oxygen on nitrate. After 24 h, the solution was lyo- 
phized and then resuspended again in H 2180 ;  the solution 
was reacidified. The cycles were repeated three times to 
eliminate as much residual 160  as possible from the nitrate. 
N a 15N 0 3 and K 15N 0 3 (listed isotopic purity 99%) were ob­
tained from Cambridge Isotope Laboratory. The solid 
samples were slightly heated and degassed under vacuum for
3 h before use so as to minimize the concentration of H 20 .
III. THEORY
Density functional theory calculations of M OONO were 
performed using the Gaussian 92/DFT program .29 Density
1.5
c
CO
-Q
O</D
<  0.5
0
FIG. 2. IR absorption spectra (550-1050 cm -1) of a K N 0 3/Ar matrix 
sample before and after irradiation, (a) Before irradiation; (b) after irradia­
tion at 193 nm for 5 min; (c) further irradiation at 308 nm for 5 min; (d) 
further irradiation at 308 nm for 30 min. Lines marked by * are impurities 
from corresponding species containing Na; lines marked by a and b are 
H N 0 3 and c/5-HONO.
Wavenumber /cm '1
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